Life history theory predicts that trade-offs between size and reproductive traits should increase when resources are more limited. This prediction is commonly tested by using plant size as a surrogate for resource status or by comparing trade-offs across treatments that experimentally manipulate size or environmental resources. In this study, we take a novel and potentially effective approach and compare two well-characterized genotypes of Amaranthus hybridus that differ in photosynthate availability. We consider these genotypes a valuable proxy for inherent genetic variation in resource status because photosynthate is a resource base that will most likely underlie many allocation-based trade-offs. We examine a series of hierarchical stages in which adjustments in allocation are predicted to affect seed production, and we test whether these adjustments are more dramatic in the genotype with less available photosynthate. We find that the response to resource limitation was not to decrease allocation to reproduction, alter floral sex ratio, or abort more seed. Rather, the resource limitation increased the trade-off between seed number and size. By delaying resource-based adjustments in allocation until the seed maturation stage, this species has a strategy that places priority on maximizing the quantity rather than the quality of offspring. Genetically based differences in photosynthate availability can affect the relationships between size and reproduction and therefore affect fitness.
Introduction
Theories about life history evolution are founded on the assumption that resource limitation generates allocation-based trade-offs. Given a fixed resource pool, these trade-offs balance the costs and benefits of alternative plant functions such as growth, defense, survival, and reproduction (Stearns 1989; de Jong and van Noordwijk 1992; Mole 1994) . Life history theory predicts that the severity of these trade-offs will increase as resources become more limiting.
The effects of resource availability on the direction and magnitude of allocation-based trade-offs have been assessed by using plant size itself as a surrogate for resource status and/ or experimentally manipulating size (defoliation or deflowering) or environmental resource availability (e.g., Galen and Werger 1986; Delph 1990; Biere 1995; Cheplick 1995; Havens et al. 1995; Sugiyama and Bazzaz 1998) . The variation in plant size used in assessing trade-offs can be a product of environmental, temporal, or genetic sources that affect resource acquisition, and larger plants are assumed to have a greater availability of resources. One complication of experimentally manipulating resource status is that it may confound effects of development, age, and size and can potentially obscure trade-offs (de Jong and van Noordwijk 1992; Venable 1992) .
In this study, we take a different approach and compare two photosynthetic genotypes to examine the effects of resource 1 Author for correspondence; fax 812-855-6705; e-mail arntz@ indiana.edu.
Manuscript received October 2001; revised manuscript received February 2002.
status on a series of allocation-based trade-offs related to reproduction. From a mechanistic or physiological perspective, variation in photosynthetic rate is a factor that can affect resource acquisition, and photosynthate is a fundamental resource base that is likely to underlie a variety of physiological trade-offs (Bloom et al. 1985; Stearns 1989; de Jong and van Noordwijk 1992) . In our study system, naturally occurring photosynthetic genotypes (R) can have up to 30% lower photosynthetic rates compared with the wild type (WT) (Stowe and Holt 1988; McCloskey and Holt 1990; Sundby et al. 1993; Arntz et al. 1998 Arntz et al. , 2000b , resulting in lower photosynthate availability in the R genotype. We consider these genotypes a proxy for inherent genetic or physiological variation in resource availability, analogous to a difference in resource status. Because the type and magnitude of trade-offs predicted by life history theory can depend on the life history of the species under consideration, we focus on those expected for the species we studied, i.e., Amaranthus hybridus, a fast-growing annual that is monoecious and produces numerous, small, one-seeded fruit, primarily by self-fertilization.
In any species, resource availability can affect total reproductive output via adjustments in allocation at several hierarchical stages or levels, from the size dependence of reproduction to flower production and fruit maturation (Lloyd 1980) . In many annual species, the relationship between size and reproductive mass has a positive slope and intercept such that reproductive allocation (the ratio of reproductive to vegetative mass) decreases with size (Sampson and Werk 1986) . This size-dependent decrease has been shown to increase with nutrient limitation, and therefore it may reflect a trade-off 592 INTERNATIONAL JOURNAL OF PLANT SCIENCES Fig. 1 Two models for the size dependence of reproduction for genotypes that differ in photosynthate availability (WT photosynthetic rates are higher). In both cases reproductive mass increases with size, but in A the relationship does not differ in magnitude between genotypes. Here the R genotype is smaller and allocates less to reproduction in allometric proportion to its smaller size, an example of an indirect effect of size on reproduction. In B, the relationship differs in magnitude between genotypes; at a given size the R genotype allocates less to reproduction than the WT. Here the lower resource status of the R genotype has a direct effect on allocation. These scenarios are similar to predictions for plants that vary in resource status because of other genetic or environmental effects.
caused by potential developmental, physiological, or structural constraints that increase with size (Sampson and Werk 1986; Sugiyama and Bazzaz 1998) .
In this study, photosynthetic resource status may affect plant size (independently from variation in age or developmental stage) as well as the relationship between vegetative and reproductive mass. For example, the genotypes may have a similar size dependence of reproduction ( fig. 1A) . In this case, if the R genotype is smaller than the WT, as seen in previous studies (McCloskey and Holt 1990, 1991; Hart et al. 1992; Jordan 1996; Arntz et al. 2000a ), any differences in reproduction would be ascribed only to differences in size. Photosynthetic resource status would not affect the expression or strength of the relationship between size and reproduction. Alternatively, the slope of the relationship between size and reproduction may differ between genotypes (fig. 1B) . The two genotypes may even be of similar sizes, but the R genotype would produce less reproductive mass than the WT if resource status affects this relationship.
In addition to effects on allocation to reproductive mass, the pattern of inflorescence development in A. hybridus allows for other trade-offs affecting reproduction to occur in a hierarchical manner at the levels of sex allocation, seed size, and seed abortion. Because smaller plants or those with fewer resources allocate more to male function (reviewed in Klinkhamer and de Jong 1997), we predicted that the R genotype with less available photosynthate may produce more staminate than pistillate flowers and fewer seeds. However, adjustments in allocation to reproduction could also be delayed until later stages in seed development. If the total number and sex ratio of flowers did not differ between genotypes, we predicted that the R genotype may allocate less mass to each individual seed. This type of adjustment might maintain total seed number via a size/number trade-off. Alternatively, the R genotype might abort more seed in order to maintain individual seed masses.
Any combination of the above mechanisms could affect allocation-based trade-offs between size and reproduction and potentially make them more exaggerated in the R genotype. Our goal was to examine four stages at which differences in allocation between the two genotypes may exist and assess their relative effects on seed production. These stages were (1) allocation to reproduction, (2) allocation to staminate versus pistillate flowers, (3) maturation of seed as measured by seed mass, and (4) seed abortion.
Material and Methods

Study System
Amaranthus hybridus (Amaranthaceae; smooth pigweed) is a monoecious annual frequently found in agricultural fields throughout North America. In populations where the herbicide atrazine is commonly applied, mutant genotypes that are resistant to atrazine occur naturally. The mutation conferring this resistance is in the chloroplast genome; it alters a photosystem II electron transport protein that binds the electron carrier plastoquinone (Hirshberg and McIntosh 1983) . The mutation confers resistance to atrazine (a plastoquinone analogue) by preventing its binding and has evolved in many weedy species when repeated exposure to atrazine occurs (Warwick 1991) .
When atrazine is applied, there is strong selection for the resistant (R) genotype. In the absence of atrazine, both genotypes persist, but in the R genotype plastoquinone binds with reduced affinity. Rates of electron transport are therefore reduced in R compared with WT genotypes (Ort et al. 1983) , and in our study system the mutation can produce up to a 30% lower photosynthetic rate in the R genotype (Arntz et al. 1998 (Arntz et al. , 2000a (Arntz et al. , 2000b . While they are not readily distinguishable in the field, the genotypes can also differ in survivorship, growth, and reproduction depending on water and light availability (Arntz et al. 1998 (Arntz et al. , 2000a (Arntz et al. , 2000b .
To assess the effect of the R mutation on trade-offs involving reproductive allocation, sex allocation, and seed provisioning, we used progeny from reciprocal crosses of WT and R individuals. These crosses produced 8-10 reciprocal family lines with nearly uniform nuclear backgrounds, but distinct WT or R chloroplast genomes. Seed for the crosses was collected by Nicholas Jordan from individual plants in separate WT ( ) and R ( ) populations in Blacksburg, Virginia. n p 25 n p 50 Wild-type and R individuals (representing a family of halfsibs) were chosen randomly, paired, and crossed to produce reciprocal F 1 's (Jordan 1996) . F 2 families were produced by selfing the F 1 's, and F 3 families were produced by selfing the F 2 's. Because WT or R families have nearly uniform nuclear backgrounds but distinct chloroplast genomes, our comparisons should accurately assess the effects of the photosynthetic mutation on traits involved in seed production. Of course, this accuracy depends on the extent to which the chloroplast genomes used in the initial reciprocal crosses have other mutations with major and consistent effects on these traits.
Experimental Design and Measurements
We germinated 29 R and 27 WT F 3 seeds, sampled randomly from seven families, in Metro-Mix 360 Growing Medium ARNTZ ET AL.-SERIAL ADJUSTMENTS IN ALLOCATION 593 (Scotts-Sierra Horticultural Products, Marysville, Ohio) and transplanted them at the 4-6 leaf stage to 6-in pots with a 1 : 1 mix of Metro-Mix and composted, sterile soil. Instantaneous photosynthetically active photon flux density, measured on the greenhouse bench in full sun at midday, averaged mmol m Ϫ2 s
Ϫ1
, and temperatures in the greenhouse 1258 ‫ע‬ 69 averaged 26ЊC/21ЊC (day/night). Pots were fertilized weekly and rotated to minimize effects caused by microenvironmental variation. Plant movement caused by pot rotation, measurements, and wind from a cooling fan in the greenhouse should have provided sufficient opportunity for unlimited wind pollination throughout the experiment.
Growth variables were measured on the day a given plant flowered for the first time and again 3 and 8 wk after flowering. On the day of first flowering, height to the uppermost leaf was measured, and the number of leaves and branches was counted. Three weeks after flowering, we measured the number of branches that had developed inflorescences and the number and length of inflorescences 11 cm long. To estimate the number of flowers produced per inflorescence, we used a set of four WT and four R plants reserved for destructive measures. We haphazardly collected 32 R and 29 WT inflorescences from these plants, measured their lengths, and counted the total number of flowers per inflorescence. From a regression of the number of flowers on inflorescence length, it was determined that the R genotype produced significantly more flowers for a given length of inflorescence ( , for genotype n p 61 P p 0.007 X inflorescence length interaction). Therefore, we calculated separate equations for each genotype to predict the number of flowers on an inflorescence from its length ( for WT, 2 r p 0.92 for R). These equations were used to estimate the 2 r p 0.93 number of flowers within each inflorescence from the lengths measured previously.
During the period between 3 and 8 wk after flowering, we observed inflorescence development so we could better understand the opportunities that exist for resource-driven adjustments in reproductive allocation. Inflorescences form at the tips of branches, with shorter ones also forming in leaf axils along the branches. Flowers are grouped in clusters along the inflorescence; one staminate flower is located at the center of each cluster and is surrounded by a variable number of pistillate flowers. These flower clusters are spirally arranged along the inflorescence ( fig. 2) .
As a plant develops, the inflorescences lengthen indeterminately and continue to produce clusters of flowers ( fig. 2A-2C ). Each cluster also grows indeterminately over time and only produces more pistillate flowers, with a single staminate flower remaining at the cluster center after its anthers dehisce ( fig.  2D ). Therefore, as plants and inflorescences develop, clusters get larger and increase from an initial four pistillate flowers per cluster to 32 or more. Staminate flowers in more recently developed clusters (at the terminal end of inflorescences) open and pollinate the pistillate flowers that are continually being produced by previously developed clusters (located more basally). Each pistillate flower produces only one seed; therefore, each cluster may produce up to 32 seeds (or more, given more time or resources), each one filled to a varying degree. Seed abortion is therefore analogous to fruit abortion.
We harvested the plants 8 wk after flowering. From two haphazardly chosen branches per plant we selected one inflorescence, carefully removed three clusters from its base, and placed the clusters into a microfuge tube. Plant height and length of each branch was measured, and the plants were then separated into reproductive parts (inflorescences, which included seeds, flowers, and support tissue), leaves, stems, and roots (thoroughly rinsed until free of soil debris). All material was dried at 60ЊC to a constant mass and weighed. The collected clusters were dissected and the seeds removed. Each cluster was checked to confirm that one staminate flower was at its center, and the number of surrounding pistillate flowers was measured by counting the pedicels attached to the cluster base tissue. We used the average number of pistillate flowers per cluster (from three clusters) in our analyses.
After determining the total mass of the reproductive parts, we gently ground them between gloved hands and forced them through soil sieves. This separated the seed (aborted, partially filled, and fully filled) from the flower and support tissue. The cleaned seed sample was redried and weighed to obtain total seed mass. From this sample a subsample was weighed (ca. 0.05 g), and the number of aborted versus filled seed was counted under a dissecting microscope. Aborted seed was distinguished from filled seed on the basis of color and shape; aborted seed are dish-shaped and reddish, whereas filled seed are plump and black. The total number of seeds produced per plant was calculated as the product of total seed mass and the number of seeds per mass of the subsample. Individual seed mass (for filled seed only) and the percent of seed aborted were also calculated from this subsample. In our analyses, total vegetative mass included leaf, stem, and root mass, and reproductive mass included seeds, flowers, and support tissue. Reproductive allocation was measured as the proportion of the total mass (vegetative and reproductive) that was invested in reproductive mass.
Data were analyzed with SAS statistical software (version 6.12, SAS Institute, Cary, N.C.). The effects of genotype on growth variables were tested using analysis of variance (ANOVA; PROC GLM). Analysis of covariance (ANCOVA; PROC GLM) was used to test for differences between genotypes in the relationships between total vegetative mass and the reproductive variables that were hypothesized to be involved in allocation-based trade-offs.
Results
The two genotypes did not differ significantly in many of the growth traits at the first two developmental stages, but by the last stage (8 wk after flowering), the R genotype produced 4.3 g less vegetative mass than the WT. This decrease was the result of less leaf, stem, and root mass production (table 1) .
In terms of reproduction, the number of flowering branches and the number and length of inflorescences on those branches were similar for both genotypes 3 wk after flowering. However, the R genotype did produce more flowers per centimeter of inflorescence than the WT. Our observations indicated that the R genotype had inflorescences more densely packed with clusters rather than clusters containing more flowers. This observation is supported by the finding that 8 wk after flowering the number of pistillate flowers/cluster did not differ between genotypes ( fig. 3C ). At this stage, the genotypes did not differ significantly in total branch length or in the reproductive mass produced on branches.
Total reproductive mass increased with total vegetative mass (size) in both genotypes, and the relationship did not differ between genotypes ( fig. 3A ; ANCOVA genotype by total vegetative mass interaction ). The slope and intercept for P p 0.39 this relationship were greater than zero (y p 0.251x + 25.43 for genotypes combined;
), so reproductive alloca-2 r p 0.17 tion necessarily decreased with size (data not shown; Sampson and Werk 1986) . Because the R genotype was smaller than the WT (table 1) , and smaller plants in general allocated more to reproductive mass, reproductive allocation for the R genotype was 3% greater than the WT.
Our estimate of reproductive mass includes the mass of flowers and support tissue in addition to seeds. Although reproductive mass has been shown to correlate with seed mass in this species (Jordan 1996) , we were interested in asking whether total seed number would be affected, as well as tradeoffs between seed number and size. We found that total seed number increased with total vegetative mass in both genotypes ( fig. 3B ; ANCOVA genotype by total vegetative mass interaction ). Remarkably, with a 3% increase in repro-P p 0.77 ductive allocation (table 1), the R genotype produced more seed than the WT ( fig. 3B ; ANCOVA genotype effect P ! ). 0.05
Seed number should be an accurate estimate of pistillate flower number because each pistillate flower produces only one seed in this species, and our estimate includes seeds at developmental stages from aborted to fully filled. Therefore, to produce more seed than the WT, the R genotype must have produced more pistillate flowers. This increased flower and seed production could occur if the R genotype produced more pistillate flowers per cluster (i.e., an increased ratio of pistillate to staminate flowers) compared with the WT, but figure 3C Fig. 3 Reproductive mass (A), total seed number (B), and number of pistillate flowers per cluster (C) as a function of total vegetative mass (size) in wild-type (WT) and atrazine-resistant (R) Amaranthus hybridus. Differences between genotypes in the relationship between the given variable and size were tested with ANCOVA, and the interaction term was not significant for any of the cases. A, Reproductive mass increased with size, and the slope of this relationship was the same in both genotypes. B, Total seed number was greater for the R genotype. C, Number of pistillate flowers per cluster did not change with size and did not differ between genotypes.
shows that genotypes did not differ in the relative production of pistillate versus staminate flowers. Therefore, the R genotype must have produced more seeds than the WT by either forming more inflorescences or producing inflorescences with more clusters per centimeter. The latter explanation may be more likely because this pattern, and not the former, was observed 3 wk after flowering.
Although the R genotype produced more seeds than the WT, this seed production came at a cost of decreased resource allocation to each seed. As seed number increased, the WT was able to maintain a more constant individual seed mass ( fig.  4A ; , for WT). In contrast, the R genotype 2 r p 0.14 P p 0.34 showed a significant decline in seed mass with seed number ( for interaction between genotype and total seed num-P ! 0.05 ber, with total vegetative mass as a covariate; , 2 r p 0.43 P ! for R genotype). Last, the percent of seed aborted de-0.001 creased slightly with total seed number, but this relationship did not differ significantly between genotypes ( fig. 4B ; P p for effect of total seed number, and 0.345 0.055 P p 0.351 for genotype and interaction between genotype and total seed number, respectively).
Discussion
The goal of this study was to assess the effects of resource availability on a series of stages at which adjustments in allocation can affect reproductive output. We took the approach of comparing two well-characterized genotypes that differ in their production of photosynthate. This approach provides variation in resource availability per se that does not rely on environmental variation and can also be considered independently from variation in plant size. When not accounted for, environmental or genetic sources that affect trait variation may actually mask or obscure a negative correlation that results from the allocation of a given amount of resources (de Jong and van Noordwijk 1992; Venable 1992) .
Our approach should reduce this potential complication by specifically accounting for genetic variation in resource availability. Our measurements are also standardized for plant age and developmental stage, so the variation in plant size should arise mostly from genetic variation affecting size, some of which is attributable to photosynthetic genotype. We explored several stages in development where adjustments in allocation are likely to occur: (1) allocation to reproduction, (2) allocation to staminate versus pistillate flowers, (3) maturation of seed as measured by seed mass, and (4) found evidence for allocation-based trade-offs at stages 1, 3, and 4. At stages 1 and 4, relationships did not differ between genotypes and therefore were not affected by our proxy for resource status. Below we emphasize the cases in which seed production was affected by these relationships and where relationships differed between genotypes.
For the first stage, allocation to reproduction, we found an increase in reproductive mass with plant size that was similar for both genotypes and that occurs in many other species (Sampson and Werk 1986; Reekie 1998; Sugiyama and Bazzaz 1998) . In addition, the R genotype with less available photosynthate was smaller than the WT, in general accordance with other studies (McCloskey and Holt 1990, 1991; Hart et al. 1992; Jordan 1996; Arntz et al. 2000a) . Although R plants were smaller, they produced nearly the same amount of reproductive mass and actually produced more seed than the WT. This difference resulted from the production of more flower clusters rather than from changes in sex allocation within clusters. Therefore, it appears that our proxy for resource availability only affected seed production via the indirect, allometric effects of plant size.
Although the relationship between size and allocation to reproduction was not affected by our proxy for resource status, Sugiyama and Bazzaz (1998) found that nutrient limitation exaggerated the negative relationship between size and allocation to reproduction in Abutilon theophrasti. They suggested that the relationship reflects a physiological trade-off between resource acquisition and allocation and has a genetic basis. We might expect genotype to affect this relationship. However, for resource availability to affect trade-offs, an appropriate resource base, which can be trade-off specific, must be varied (Mole 1994) . We cannot be certain that photosynthate pools provide the resource base for the relationships we have measured, although it would seem likely. It is also possible that the variation in photosynthate availability between genotypes simply was not of sufficient magnitude to affect an allocationbased change at this developmental stage. However, it was sufficient at the stage of seed maturation.
Although a trade-off between seed number and size (mass) is predicted by life history theory, the support from empirical studies has been mixed (Venable 1992) . Variation among these findings may exist because strategies are species specific. In addition, environmental variation can affect plastic traits and, when uncontrolled, obscure trade-offs. In this study, we found that the WT was able to maintain seed masses as plants grew larger and produced more seed. In contrast, seed mass declined with seed number in the R genotype. Therefore, resource limitation altered allocation during seed provisioning and exaggerated the magnitude of the size/number trade-off. If data for the genotypes are combined (not shown in results), this tradeoff becomes masked, as suggested by Venable (1992) ; it is statistically significant, but the r 2 is reduced by 67%. Sex ratios often become more female biased as plant size increases (reviewed in Klinkhamer and de Jong 1997) . In this species, floral development is constrained such that each staminate flower is surrounded by a cluster of pistillate flowers that grows indeterminately. Therefore, femaleness can increase only if the number of pistillate flowers produced per cluster increases. However, we did not find that size or genotype affected the number of pistillate flowers produced per staminate flower. This may be the case because the clusters are also produced indeterminately along inflorescences, and newer clusters have fewer pistillate flowers. This continual production of new inflorescences and clusters at the whole plant level may somewhat counterbalance any increase in femaleness within clusters. A lack of a trade-off between size and female sex allocation has been seen in other monoecious species as well (Delesalle 1989; Mendez 1998; Elle 1999) . Theory has even predicted that male function could increase with size for monoecious, wind-pollinated species such as Amaranthus hybridus, and there is some empirical support for this idea (Burd and Allen 1988; Klinkhamer and de Jong 1997) . In this monoecious species, seed production is not controlled by altering sex allocation.
Finally, we should note that, when grown in the field, the R genotype used here shows a consistent decrease in relative fitness compared with the WT, averaging around 0.6. It produces less vegetative and reproductive mass as well as fewer and smaller seeds with higher seedling mortality (Jordan 1996; Arntz et al. 1998 Arntz et al. , 2000b . In this study, we did not see a dramatic fitness reduction in the R genotype, perhaps because 597 plants were grown in the greenhouse. Plants were relatively small compared with field-grown plants (a factor of small pots and a growth period of only 16-17 wk), but we believe that the small fitness advantage of the R genotype would eventually be overturned by the trade-off between seed number and size, given more time to grow. One piece of evidence supporting this idea is that R seeds from a previous field study were significantly smaller than the WT (0.365 vs. 0.388 mg; , n p 10 ). Moreover, as plant size increases, we might also P ! 0.001 expect seed abortion to be greater in the R genotype as a minimum seed size is approached.
We emphasize that genetically based differences in photosynthate availability can affect size and that the size dependence of reproduction can affect fitness. In A. hybridus, the response to resource limitation was not to decrease allocation to reproduction, alter floral sex ratio, or abort more seed.
Rather, the allocation responses were delayed until the seed maturation stage, a strategy that places priority on maximizing the potential quantity of offspring rather than their quality. Delaying resource-based adjustments in allocation until this stage may be a strategy for controlling reproductive output in fast-growing plants, such as A. hybridus, that produce abundant numbers of flowers and seed.
